INTRODUCTION
Transportation, including crating, is considered a major stressor for farm animals and might have deleterious effects on health, well-being, performance, and ultimately, product quality (Von Borell, 2001 ). The principal effectors of the stress system include the corticotropin-releasing hormone, arginine vasopressin; the glucocorticoids; and the catecholamines norepinephrine and epinephrine. Activation of the stress system leads to adaptive behavioral and physical changes. The principal stress hormones glucocorticoids and catecholamines affect major immune functions such as antigen presentation, leukocyte proliferation and traffic, secretion of cytokines and antibodies, and the selection of the Th-1 versus Th-2 responses (Elenkov and Chrousos, 2006) .
Glucocorticoids may also play a role in influencing synthesis of pterin derivates (i.e., neopterin and biopterin). These biomolecules occur naturally in body fluids in an oxidized, as well as a reduced, form and functionally are closely related to the immune system. Interferon-gamma, which is produced and secreted by activated T-lymphocytes and natural killer cells, stimulates monocytes/macrophages, resulting in synthesis of pteridines neopterin and tetrabiopterin, the reduced form of biopterin (Breinekova et al., 2007) . Tetrahydrobiopterin that is biotransformed from neopterin, is an important cofactor of nitric oxide synthesis and hydroxylases of aromatic amino acids, which play a role in catecholamine and serotonin metabolism (Smutna et al., 2010) . Although the information about presence of neopterin and biopterin has been available in the literature for some time, their biological significance is still unclear. Clinical studies in humans suggest that neop-
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terin is a good indicator of cellular immunity activation (Breinekova et al., 2007) . In veterinary medicine, the issue of neopterin and biopterin metabolism and their functions have neither been thoroughly studied nor understood (Smutna et al., 2010) . A question presents itself regarding the possibility of utilizing pterins as a marker of immune system activation in periods of acute stress. Results of studies monitoring the effect of stress on pterin concentrations are ambivalent. Breinekova et al. (2006 Breinekova et al. ( , 2007 observed elevated levels of both pterin derivates in the serum of transported pigs and concluded that pterins may be a useful biochemical indicator of immune system stimulation by short-term stress. Similarly, Smutna et al. (2010) and Marsalek et al. (2011) found elevated neopterin levels due to acute stress in pigs. On the contrary, clinical studies on stress in humans showed that glucocorticoids could cause suppression of cell-mediated immunity and consequently could result in decreased neopterin and biopterin concentrations (Atmaca et al., 2002; Kuloglu et al., 2007) .
To the best knowledge of the authors of this article, no studies on the effect of pterins (neopterin, biopterin) in poultry have yet been published. The aim of the current study was to investigate the effect of crating on blood plasma concentrations of neopterin and biopterin in broiler chickens where neopterin and biopterin were selected as biosensors of immune system activity. Neopterin and biopterin plasma concentrations were compared with corticosterone as a marker of neuroendocrine activity, as well as with the results of leukocyte profiles. Additionally, other biochemical indices previously reported in relation to acute stress induced by crating were analyzed for comparisons.
MATERIALS AND METHODS

Birds
The effects of crating were studied in a group of 42-d-old Hubbard Flex broiler chickens. The broilers were obtained from a commercial broiler chicken farm, where they were reared from the first day after hatching on deep litter (wood shavings) with controlled light and heat, hygiene, and feeding patterns corresponding to standard husbandry requirements for meat hybrid poultry according to Broiler Management Manual (Hubbard, 2014) . Feed and water were provided ad libitum; the lighting regimen was 18L:6D. The ambient temperature was gradually decreased from 30 ± 1°C on d 1 to 20 ± 1°C on the last day of fattening. Depending on temperatures, RH levels ranged between 55 and 70%. On d 35, the broilers (total number 90) were transferred to the experimental broiler housing at the University of Veterinary and Pharmaceutical Sciences, Brno (Czech Republic). The broilers were allowed to get acclimated to their experimental environment for 7 d before experimentation began. The sex ratio of the broilers in the experiment was 50:50%. The effect of sex was not, however, monitored during the experiment because our preliminary tests showed this not to be statistically significant.
Experimental Design
When the broilers were 42 d old, 60 chickens (30 per treatment) were selected at random and placed in 6 heavy-duty plastic crates measuring 0.5 m × 0.7 m × 0.25 m (width × length × height). The allocation of floor space in these crates represented a minimum of 160 cm 2 /kg of BW of broilers (average BW was 2.2 kg) and matched the requirements for poultry transport given by Council Regulation (EC) No. 1/2005 on the protection of animals during transport and related operations and amending Directives 64/432/EEC and 93/119/EC and Regulation (EC) No. 1255 /97 (European Council, 2005 . Three crates were kept for 2 h (group 2 h), with another 3 crates for 4 h (group 4 h) in the quiet barn under the following ambient conditions: outside crates: ambient temperature (T) 20 ± 1°C, RH = 39 ± 5%; inside crates: T = 24.5 ± 1°C, RH = 39 ± 5%. After a given crating period, the birds were removed from the crates and blood samples were taken from 15 chickens randomly selected from each group (5 chickens from each crate). The remaining chickens were subsequently kept in 2 pens under the same conditions as before crating (chickens crated for different durations were kept separately) for 24 h and then sampled too. Each bird was sampled only once. In addition, for each sampling session 15 randomly selected control noncrated birds were sampled at the same time.
Blood Sampling
Blood samples (3 mL) for hematological and biochemical examination were taken from the vena basilica of the left wing, and collected using syringe-needle assemblies that had been flushed with heparin (15 µL of heparin for 3 mL of blood). The samples were collected within 1 min of capture to ensure that the levels of the monitored parameters were not affected by any stress induced by presampling handling Chloupek et al., 2011) . The heparinized blood was centrifuged at 837 × g for 10 min at 4°C and plasma samples were stored at −80°C in Eppendorf test tubes until analyses were performed (within 1 wk). Samples for leukocyte profile examination were collected in tubes with EDTA and examined immediately.
Plasma Neopterin and Biopterin Determination
The measurement of neopterin and biopterin was based on HPLC with fluorometric detection (Carru et al., 2004) . All samples and pterin solutions were protected against light when handled. For neopterin and biopterin analysis, 300 µL of trichloroacetic acid (5%) was added to 300 µL of standard or plasma. The samples were centrifuged at 800 × g for 10 min at 20°C. Supernatant was filtered through a 0.45-µm nylon filter (Millipore, Billerica, MA) and used for analysis. Elution was performed on a 150 × 4.6-mm, 5-µm particle size, Zorbax Eclipse XBD-C18 column (Agilent Technologies, Santa Clara, CA). Isocratic elution was performed at a flow rate of 1 mL/min with water/acetonitrile 96/4 (vol/vol) at 35°C. Fluorescence detection at 353 and 438 nm for excitation and emission, respectively, was used to selectively detect pterins. The chromatographic analysis was accomplished by means of an Alliance 2695 chromatographic system (Waters, Milford, MA) with an FD 2475 fluorescent detector (Waters). Neopterin, biopterin, and trichloroacetic acid were purchased from Sigma-Aldrich (St. Louis, MO). All solvents were HPLC-grade purity (Chromservis, s.r.o., Prague, Czech Republic). Detection limits for neopterin and biopterin were 0.23 and 0.41 ng/mL, respectively. The limits of quantification for neopterin and biopterin were 0.75 and 1.35 ng/mL, respectively. The CV was 3.8%.
Plasma Corticosterone Determination
The plasma corticosterone concentration was measured on the principle of photometric detection using a commercial Corticosterone Enzyme Immunoassay Kit (Cayman Chemical, Ann Arbor, MI). The detection limit for corticosterone was 0.03 ng/mL. The limit of quantification for corticosterone was 0.1 ng/mL. The intraassay CV was 6.2%.
Plasma Lactate, Glucose, Lactate Dehydrogenase, Cholesterol, Triglycerides, and Uric Acid Determination Selected plasma biochemical indices [lactate, glucose, lactate dehydrogenase (LDH), cholesterol, triglycerides, and uric acid] were measured on the principle of photometric detection by a KONELAB 20i biochemical analyzer using commercial test kits (Biovendor, Laboratorni Medicina a.s., Brno, Czech Republic). Detection limits, limits of quantifications, and intraassay CV for analyzed biochemical indices for the kits are given in Table 1 .
Leukocyte Profile Determination
The total leukocyte counts were determined by means of the flask method of dilution and counting corpuscles using the Bürker chamber. The proportions of the individual leukocyte types (in 200 cells) were determined by classical histological methods using a light microscope with an immersion lens after staining blood smears with May-Grunwald and Giemsa-Romanowski solutions.
Statistical Analysis
The results were analyzed using the statistical package Unistat 5.1. (Unistat Ltd., London, UK). For all variables tested, normality was checked by means of a Shapiro-Wilk test (Zar, 1999) . In the case of nonnormal data (corticosterone, lactate), logarithmic transformations were used for ANOVA, though actual mean values are presented in the tables. The data were subjected to ANOVA using the GLM procedure with crating duration and time of sampling as the main effects along with their interactions included in the following model:
where x ijk = analyzed measurement, μ = overall mean, C i = effect of crating duration (noncrated, 2 h, 4 h), T j = effect of time of sampling (0 h, 24 h), (CT) ij = effect of interaction, and ε ijk = overall error (residual). When the effect was statistically significant, the Tukey honestly significant difference test (Zar, 1999) was performed for multiple comparisons to assess the statistical significance of differences between all possible pairs of groups. To assess correlations in the experiment, Spearman rank correlation was calculated between crating duration and monitored biochemical and hematological indices, and Pearson correlation among monitored biochemical and hematological indices.
RESULTS
Effects of time of sampling (P < 0.001) and crating duration (P < 0.001) effects along with their interaction (P < 0.001) were found for plasma corticosterone (Table 2 ). In comparison with the control noncrated broilers (control 0 h), broilers crated for both 2 and 4 h exhibited higher concentrations of plasma corticosterone (P < 0.001) immediately after crating. After 24 h, no difference (P = 0.999 for 2 h of crating and P = 0.912 for 4 h of crating) between crated broilers and control noncrated broilers (control 24 h) was found, however. Neopterin (Table 2 ) was affected by time of sampling (P < 0.001) and crating duration (P = 0.046). Immediately after crating, neopterin in both 2-and 4-h broilers did not differ (P = 0.999 and P = 1.000 respectively) from control 0 h, but 24 h later a decrease (P = 0.011) in plasma neopterin levels was found in 4-h broilers in comparison with control 24 h. Simultaneously, 24 h after crating neopterin levels in crated broilers (2 h and 4 h) decreased (P < 0.001) in comparison with the levels detected immediately after crating. Plasma biopterin (Table 2) was not influenced by the time of sampling, whereas the effects of crating duration and crating duration × time of sampling were found (P = 0.048 and P < 0.001, respectively). Immediately after the crating, plasma biopterin concentrations were higher (P < 0.001) in 4-h broilers than in control 0 h. However, 24 h after crating, biopterin levels in all 3 groups had flattened out (P = 0.734 in 2-h broilers and P = 0.887 in 4-h broilers compared with control 24 h). There were also effects of crating duration (P < 0.001) and crating duration × time of sampling (P < 0.001) on plasma lactate levels (Table 2) , with a considerable decrease in lactate levels in both 2-h broilers (P < 0.001) and 4-h broilers (P < 0.001) immediately after crating. However, 24 h after crating, both crated groups did not show any difference (P = 0.679 for 2-h crating and P = 0.970 for 4-h crating) in lactate concentrations compared with control 24 h. There were also time of sampling (P < 0.001), crating duration (P = 0.042), and crating duration × time of sampling (P < 0.001) effects on plasma triglycerides (Table 2) . Immediately after the crating, triglyceride concentrations decreased (P < 0.001) in 4-h broilers compared with control 0 h.
Though, 24 h after the crating, triglycerides levels were higher in both 2-h broilers (P < 0.001) and 4-h broilers (P < 0.001) compared with those immediately after crating. Table 3 shows an effect of time of sampling on plasma cholesterol (P = 0.018) and total protein (P < 0.001) and crating duration effect on LDH (P = 0.042) and uric acid (P < 0.001). Plasma LDH levels were higher (P = 0.046) in 4-h broilers than in noncrated control broilers, whereas uric acid was lower in 2-h broilers (P = 0.028) and in 4-h broilers (P < 0.001) compared with the noncrated control broilers. No changes were found in glucose levels (P = 0.610 for crating duration, P = 0.884 for time of sampling, and P = 0.064 for their interaction).
An effect of time of sampling (P = 0.034) and crating duration (P = 0.002) was found for monocyte counts (Table 4 ) with a decrease in both 2-h broilers (P = 0.030) and 4-h broilers (P = 0.003). No effects of crating duration, time of sampling, or their interaction on heterophil counts (P = 0.062, 0.288, and 0.359, respectively) and lymphocyte counts (P = 0.053, 0.057, and 0.376, respectively) were found (Table 4) . However, a time of sampling effect was found for heterophil-to-lymphocyte ratio (P = 0.016) with heterophil-to-lymphocyte ratio higher 24 h after crating in comparison with its level immediately after crating regardless of crating duration.
In addition, a positive correlation was found in broilers (n = 90) for crating duration and plasma corticosterone (r = 0.306, P = 0.002), biopterin (r = 0.196, P = 0.032), and LDH levels (r = 0.271, P = 0.005), whereas a negative correlation was found for crating duration and plasma neopterin (r = −0.207, P = 0.025), uric acid (r = −0.453, P < 0.001), lactate levels (r = −0.322, P = 0.001), and lymphocytes (r = −0.222, P = 0.018). Moreover, corticosterone levels were strongly positively correlated with both neopterin (r = 0.354, P < 0.001) and biopterin (r = 0.410, P < 0.001) levels in broilers (n = 90). However, immediately after the crating of broilers (n = 45), corticosterone levels were positively correlated with biopterin levels only (r = 0.551, P < 0.001). On the other hand, neopterin levels were negatively correlated with heterophil-to-lymphocyte ratio (r = −0.185, P = 0.040) in broilers (n = 90).
DISCUSSION
Stress in birds is most often documented by increased levels of corticosterone. Corticosterone secretion from the cortex of the adrenal gland in birds is stimulated by ACTH from the pituitary gland, which, in turn, is stimulated by corticotropin-releasing factor and arginine vasotocin from the hypothalamus (Carsia and Harvey, 2000) . It is well documented that procedures with high human involvement, such as capture and restraint, evoke stress reactions and result in an increase of corticosterone concentrations in broiler chickens Voslarova et al., 2011) . As expected, in our experiment, broilers crated for either 2 or 4 h exhibited higher concentrations of plasma corticosterone when sampled immediately after crating in comparison with control noncrated broilers. Glucocorticoids may also play a role in influencing pterin synthesis. Glucocorticoids could cause suppression of cellmediated immunity and consequently could result in decreased pterin concentrations as observed in human medicine (Atmaca et al., 2002; Kuloglu et al., 2007) . The defense mechanisms of avian species are generally comparable with those of mammals, despite the fundamental differences in system structures. In our study, monocyte counts decreased as a result of crating (Table  4) . Decrease in monocyte counts due to transport stress was reported by Smutna et al. (2010) in pigs and by Ajakaiye et al. (2010) in layer chickens. Brohee et al. (1990) found decreased monocyte counts in healthy humans during acute stress induced by intravenous glucocorticoids. Because neopterin is synthesized mainly by activated monocytes/macrophages (Hoffmann et al., Table 3 . Effects of crating duration and time of sampling on selected biochemical indices of broilers 2003), a decrease of neopterin levels found in broiler chickens within 24 h after crating may be connected to the decrease of monocyte counts. Furthermore, plasma neopterin concentrations were negatively correlated with crating duration. Thus, the longer the crating, the more pronounced are the effects that may be expected on immune suppression in broilers. The negative correlation between plasma neopterin concentrations and the heterophil-to-lymphocyte ratio found in our study was reported also in pheasants exposed to prolonged stress and explained by the stressinduced suppression of their immune system as well (Voslarova et al., 2013) . The changes in plasma neopterin concentrations were not detected immediately after crating. The decrease found 24 h later suggests that the effect is long lasting, though. On the contrary, time course changes of plasma biopterin concentrations were similar to the changes in plasma corticosterone levels. Their increase was found immediately after crating, but the day after, broilers did not exhibit any changes in either plasma corticosterone or biopterin levels in comparison with control broilers that had never been kept crated. The increase in biopterin concentrations was also detected in adult pigs transported to the slaughterhouse (Breinekova et al., 2006) and in neonatal piglets in the acute stage of hypoxia-ischemia (Fujioka et al., 2008) . Our results suggest that increased plasma biopterin levels are associated with acute stress and may indicate an ongoing stress reaction in broiler chickens, whereas plasma neopterin levels may indicate subsequent effects of stress experienced previously or chronic stress.
Because, besides the corticosterone response to stress, changes in other biochemical indices in relation to acute stress induced by crating were also reported, we also analyzed those indices that could be expected to also be affected. According to Chloupek et al. (2008) who monitored crating for 4, 8, and 12 h, the duration of crating period, besides the plasma corticosterone level, also correlated with the LDH, cholesterol, triglycerides, glucose, and lactate levels in the blood of broilers. Similarly, in our experiment the effects of crating duration were found in plasma corticosterone, lactate, LDH, triglycerides, and furthermore in plasma uric acid, neopterin, and biopterin that were not monitored by Chloupek et al. (2008) . However, no effect of crating duration on plasma glucose and cholesterol levels was found in our study probably due to shorter periods of crating used in our experiment. Four hours of crating resulted in decreased levels of triglycerides and lactate only, which is in accordance with the results of Chloupek et al. (2008) . Nijdam et al. (2005) explained lower triglyceride, glucose, and lactate concentrations by feed withdrawal that caused a negative energy balance and stress in transported broilers. During longer periods of stress, the body's stores of glucose are exhausted, and the body is unable to produce it fast enough; thus, the concentration of glucose in the blood declines. The decline in plasma glucose was reported after 8 h crating with no access to food . We also found higher plasma LDH levels and lower plasma uric acid levels as a result of 4 h of crating. The changes in LDH levels over time are directly related to changing levels of lactate (Voslarova et al., 2011) . In an anaerobic situation, LDH contributes to energy synthesis by anaerobic glycolysis (Nain et al., 2008) . Uric acid in birds is excreted and reabsorbed back into the blood in the kidneys; it is one of the major antioxidants protecting birds against oxidative stress (Simoyi et al., 2002) . Time course changes in selected biochemical indices of broilers in response to crating up to 2 h were reported by Voslarova et al. (2011) . They showed the fluctuation of selected indices within the monitored period. The fluctuations could not be detected in our experiments where broilers were sampled only after 2 h crating, but a similar pattern is exhibited. However, after 2 h of crating we found significant changes only in plasma lactate and uric acid levels, which had both decreased.
In addition, the heterophil-to-lymphocyte ratio has proved to be a valuable measurement in stress-related research in birds (Post et al., 2003) . Leukocyte numbers change more slowly in response to stress than corticosterone (Maxwell, 1993; Cunnick et al., 1994) , and these changes are less variable and longer lasting (McFarlane and Curtis, 1989; McKee and Harrison, 1995) . Gross (1990) reported that exposure to a short-term physical stressor resulted in fluctuation in heterophil-to-lymphocyte ratios within 18 h. The response peaked at about 20 h and returned to normal at about 30 h. Subjecting chickens to a brief handling procedure resulted in an increase of elevated heterophil-to-lymphocyte ratios for up to 20 h (Zulkifli et al., 2000) . Leukocyte counts also have been used as a measure of immune function in birds (Johnsen and Zuk, 1998) . In our experiment, the heterophil-to-lymphocyte ratio was higher 24 h after crating in comparison with its level immediately after crating regardless of crating duration, indicating a stress response. Other monitored indices did not exhibit any changes from control noncrated birds 24 h after crating except plasma neopterin levels, which were correlated with the heterophil-to-lymphocyte ratio as mentioned above.
Our results show that crating may affect the immune system of broiler chickens significantly. This is corroborated by the increase in blood plasma biopterin concentrations in broilers immediately after crating and the decrease in blood plasma neopterin concentrations in broilers 24 h after crating. The correlations were found for widely used indicators of acute and chronic stress in birds [i.e., plasma corticosterone concentrations (biopterin) and heterophil-to-lymphocyte ratio (neopterin), respectively].
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